The metabolism of the syntrophically acetate-oxidizing Clostridium ultunense was investigated with cell extracts of the pure culture and the methanogenic triculture from which C ultunense was isolated. Enzyme measurements indicated that: (1) the CO dehydrogenase (Wood) pathway was used both during acetate formation and during acetate oxidation; (2) methylenetetrahydrofolate reductase activity was not detected during acetate oxidation; (3) two different methylene-tetrahydrofolate dehydrogenase enzymes were active, depending on the direction in which the Wood pathway was used. The hydrogen partial pressure in the headspace of a growing triculture varied between 1.6 and 6.8 Pa, indicating that C ultunense and the methanogenic partner each get about -17 kJ per mol reaction in this syntrophic cooperation, thus operating at the lowermost range of energy to be exploited by a living organism.
Introduction
Acetate is the main product of numerous fermentations during anaerobic degradation of organic matter. It is converted to CH. and CO 2 by acetate-cleaving methanogens such as Methanosarcina sp. or Methanothrix sp. which use the CO dehydrogenase enzyme complex for cleavage of the carbon-earbon linkage [1] . Alternatively, acetate conversion to CH. dizing strain was isolated from a triculture that fermented acetate to CH. and CO 2 at 37°C, and was assigned to a new species, Clostridium ultunense [6] . This bacterium did not grow with H2/C02 io pure culture, but acetate was formed from H 2 /C0 2 io dense cell suspensions. The strain formed acetate as main product from all substrates utilized, iodicatiog that it is likely to be a homoacetogenic bacterium. In the present study, we elucidated the pathway of acetate formation and oxidation io C. ultunense on the basis of enzyme assays io cell-free extracts, and determioed the hydrogen partial pressure duriog acetate oxidation to allow calculation of the free energy available to either partoer io this fermentation process.
Materials and methods

Source of organisms
C. ultunense, straio BS, as well as straio TRXI and the H 2 -and formate-utilizing metbanogenic strain MABI were isolated from a mesophilic triculture that syntrophically oxidizes acetate to methane at high annnonium concentration [6, 7] . The triculture was enriched from a mesophilic laboratory-scale digester fed with swioe manure [8] .
Media and cultivation conditions
A bicarbonate-buffered medium [9] was prepared with modifications as described [7] . The medium was reduced with I mM Na 2 S and 50 I!M Na2S,O•. C. ultunense and strain TRXI were grown in pure culture io I I medium, under an atmosphere of N 2 /Co, (80:20), at 37°C without shaking, with 0.5 g 1-1 yeast extract, and with 5 mM ethylene glycol or 20 mM pyruvate, respectively. The triculture was grown io 10 I medium under N 2 , with an ioitial concentration of 50 mM sodium acetate. Strain MABI was grown io 200 ml of a bicarbonate-buffered medium as described earlier [7] but without extra annnonium chloride and with H 2 /CO, (80 :20) as substrate.
Analytical procedures
Hydrogen was quantified after gas cbromatographic separation with a mercury oxide-based trace gas detector [10] , CH. with a flame ionization detector [11] . Acetate was quantified by HPLC (Beckman Instruments Inc., Fullerton, CA) with a differential refractometer (ERe-7512 RI detector, Sykam, Gilchiog, Germany) after separation on an ion exchange column (Amioex HPX"-87H, Bio-Rad, Hercules, CA) with 5 mM H 2 SO. as mohile phase at 0.45 ml mio-1 • Protein was determioed after Bradford [12] with bovioe serum albumin as reference.
Determination of enzyme activities
For every set of enzyme determioations, a I-I culture was harvested by centrifugation at 13200Xg under anoxic conditions for 30 mio at +4°C. The pellet was washed twice with 50 mM potassium phosphate buffer (pre-reduced with 2.5 mM dithioerytbritol), pH 7.3, and resuspended io the same buffer with 10 mM MgCI, added. Cell-free extracts were prepared either by enzymatic breakage with lysozyme (5 mg 1- for 3Q-{;0 mio at 35°C, or by disruption io an N 2 -flushed French pressure cell at 6900 kPa, 3-5 times, and subsequent centrifugation at 17200 Xg for 30 mio at +4°C to remove cell debris. All transfers were performed ioside an anoxic glove box.
Enzyme activities were measured in the triculture, io a pure culture of C. ultunense, and io pure cultores of the other two bacteria io the triculture, the methanogen MABI and straio TRXI. Activities were determioed either io cell-free extracts or io cell suspensions permeahilized by addition of 10 IJ1 of 0.1% hexadecyl trimethylannnonium bromide per ml assay liqnid. Carbon monoxide dehydrogenase, formate dehydrogenase, hydrogenase, acetate kioase, phosphotransacetylase, formyl tetrahydrofolate synthetase, tetrahydrofolate cyclohydrolase, methylene tetrahydrofolate dehydrogenase, and methylene tetrahydrofolate reductase were determioed spectrophotometrically io anoxic rubber-stoppered glass cuvettes at 30°C as described [13] . Additions were made from anoxic stock solutions with gas-tight syringes. ATPase was analy:red according to [14] . 2-Oxoglutarate dehydrogenase was assayed with benzylviologen or NAD as electron acceptor.
Assay of hydrogen partial pressures in the triculture
A 25-m! portion of inoculum from a growing triculture was transferred to 25 m! reduced medium (two-fold concentrated) containing 0.2 M ammonium chloride in ll8-m! serum bottles. The pH in the medium was set at 8.0 with I M Na 2 C0 3 • Measurements of hydrogen, acetate and methane were started in duplicate after addition of 50 mM sodium acetate. Bottles were incubated at 37°C in the dark without shaking. Shaking stopped growth of the mixed culture completely.
Calculations of reaction energetics were based on concentrations at midpoint of growth, i.e. 25 mM acetate, lOO mM bicarbonate (50 mM from the medium, 25 mM from the degradation of acetate, and 25 mM from the inoculum) and 0.31 atm CH,. At pH 8.0, all carbon dioxide was assumed to be present as bicarbonate. AGO' values were taken from [15] and ABO' values from [16] . The AG values at 37°C and 60°C were calculated using the van't Holf equation. The ionic strength of the medium was determined to be 0.38 giving an activity factor of 0.71. At pH 8.0, II% of the NH 3 /NHt pool was in the form of ammonia and was therefore not included in the calculation of the ionic strength. The pK. was 333 corrected for temperature, but not for the ionic strength. The influence of ionic strength was calculated using Davie's formula [17] .
Chemicals
All chemicals used were of analytical grade, and obtained from Fluka (Buchs, Switzerland), Merck (Darmstadt, Germany), Sigma (St. Lonis, MO, USA), Aldrich (Steinheim, Germany) and Boehringer (Mannheim, Germany).
Results and discussion
Enzyme activities
Enzymes of the Wood pathway were found to be present both in the triculture grown on acetate and in the pure culture of C. ultunense grown on ethylene glycol wbich is used as growth substrate by most homoacetogenic bacteria (Table I) . 2-Oxoglutarate dehydrogenase or 2-oxoglutarate benzylviologen oxidoreductase, the key enzymes of acetate oxidation through the citric acid cycle, was not found, indicating that the Wood pathway is used in both directions, for acetate synthesis and acetate oxidation. Cell extracts were prepared by French press treatment. Protein content in the cell-free extract was 7.5-12.5 mg m1 I, and refers to total protein also in the cocu1ture in which fermenting and methanogenic partner bacteria contributed about equal shares to the total cell mass. "All fractions depended on ATP for activity.
bAll fractions depended on NADpt for activity.
cAll fractions depended on NAD+ for activity. ylene-THF reductase in Clostridium thermoautotrophicum [22] and sodium ions appear to be translocated in this step in Peptostreptococcus productus [23] . In Acetobacterium woodii, the methyl transfer from methyl-THF to a cobalamin is a sodium ion-requiring reaction, possibly coupled to electrogenic transport of sodium ions across the membrane [24, 25] . In C. ultunense, there is obviously no efficient electron transport phosphorylation in this step because this bacterium can convert H 2 +C0 2 to acetate only in non-growing cell suspensions. During growth with ethylene glycol, cells obtain ATP mainly by substrate-Ievel phosphorylation in substrate oxidation via acetaldehyde and acetyl phosphate to acetate.
Acetate is oxidized by the triculture at a hydrogen partial pressure of 1.6-6.8 Pa (see below), corresponding to an effective redox potential of -280 mV [5] . In this process, oxidation of methyl-THF to methylene-THF is the energetically most difficult reaction. This might force the bacteria to use an alternative route for methyl oxidation, coupled to a different form of energetization, and could explain why the usual methylene-THF reductase enzyme was not found to be present during acetate oxidation. The question remains to be answered how ATP is synthesized under these conditions: only the electrons released in formate oxidation arise at a redox potential sufficiently low to drive an electron transport phosphorylation in electron transfer to protons, and the fact that C. ultunense grows with formate rather than with H 2 +C0 2 indicates that formate 
The actIvItIes varied between different extract batches and with the procedure used for cell disruption: activities obtained after French press treatment were higher than those obtained after lysozyme treatment (which does not open the cells of methanogenic archaea). Activities were in any case high enough to be involved in energy metabolism rather than only in carbon assimilation; the substrate turnover in growing cultures was in the range of 20 nmol min-I mg protein-1. The higher activities of formate dehydrogenase and hydrogenase after French press treatment of the triculture may be attributed to the presence of these enzymes in the methanogenic bacterium strain MAB1 and strain TRXl. These bacteria contained only formate dehydrogenase and hydrogenase when assayed in pure cultures, and no activity of CO dehydrogenase or of the tetrahydrofolate (THF) enzymes could be detected. Enzyme activities of the pure culture and the acetate-oxidizing coculture of C. ultunense differed in the following points: (1) there was no measurable activity of methylene-THF reductase during acetate oxidation; (2) methylene-THF dehydrogenase coupled with NADPH during acetate formation, and with NAD+ during acetate oxidation.
The energetics of lithoautotrophic growth of homoacetogens on H 2 /C0 2 have not yet been resolved completely. One ATP is synthesized by substrate-Ievel phosphorylation in the acetate kinase reaction, and is consumed in the formyl-THF synthetase reaction [18] . The redox potentials of the four redox reactions involved in CO 2 reduction to acetate are -430 mV (formate dehydrogenase), -295 mV (methylene-THF dehydrogenase), -200 mV (methylene-THF reductase), and -305 mV for the reductive conversion of methyl-THF+C0 2 +coenzyme A to acetyl CoA+THF+H 2 0 (CO dehydrogenase or acetyl CoA synthase reaction) (data from and calculated after [19, 20] ). The latter value is similar to that calculated for the corresponding reaction in methanogens (-280 mV [21] ). It appears that the step most probably coupled to ATP synthesis by an electron transport phosphorylation-like mechanism, especially at a decreased H 2 partial pressure, is the reduction of methylene-THF to a cobalamin-bound methyl residue [19] .
Translocation of protons in methylene-THF reduction is indicated for the membrane-bound meth-can be handled by these bacteria in an energetically more efficient way than hydrogen.
Two different methylene-THF dehydrogenases appeared to be active, depending on the direction in which the Wood pathway operated, an NAD+-specific enzyme and an NADP+-specific enzyme during acetate oxidation and acetate formation, respectively. Both types of methylene-THF dehydrogenases have been purified earlier from homoacetogenic bacteria [26, 27] . Employment of two different enzymes for one reaction step gives the cells a means for process control when the reaction is to be run in either one of two possible directions.
Energy sharing among the partner bacteria
During conversion of 50 mM acetate to methane, the partial pressure of hydrogen in the gas phase of the mixed culture varied between 1.6 and 6.8 Pa (Fig.  1) . After an initial hydrogen burst, the pressure decreased to a comparably constant value which was maintained during further acetate degradation. Since the methanogen MAB 1 metabolizes both hydrogen and formate (Schnurer, unpublished data), formate transfer cannot be ruled out as a means of electron transfer in this syntrophic cooperation. Actually, formate dehydrogenase activities were substantially higher than hydrogenase activities in the coculture (Table 1) . Nonetheless, the hydrogen partial pressure, if in equilibrium with the redox state inside the cells, should give sufficient information on the overall energetics.
The~G of acetate oxidation after conversion of 25 mM acetate and at various partial pressures of hydrogen is shown in Fig. 2 . Under these conditions, theoretically the hydrogen partial pressure can vary between 0.8 and 18 Pa. The measured value indicates that the methanogen and the acetate oxidizer share the available energy equally and obtain approximately -17 kJ mol-1 each. At 60°C, the corresponding values are 2.6-75 Pa (theoretical limits) and 15-40 Pa was measured [28] . Synthesis of 1 mol ATP in the living cell at full energy charge is at +70 kJ mol-1 [15] . One third of this amount, equivalent to the energy required for translocation of one monovalent cation across the charged membrane, is considered the lowermost energy quantum that can be exploited for ATP synthesis [29] . If we assume that the energy charge of the bacteria cooperating in our system is low as indicated by their extremely slow growth (td =20-25 days), the calculated -17 kJ mol-1 just barely allows ATP synthesis by these bacteria, indicating that syntrophic acetate oxidation at 37°C is a process right at the lowermost limit of energy to be exploited by living cells. 
